The purpose of this paper is to expand the recent work of Sardar et al. 
I. INTRODUCTION
In last few decades, much emphasis has been given to understand the nonlinear wave processes in dusty plasmas. Formation of double layers (DLs) in a multispecies unmagnetized or magnetized plasma is an interesting nonlinear phenomena in many areas of space plasma physics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] as well as in various types of laboratory plasmas [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . The S3-3, Viking, FAST and Polar Satellites, THEMIS spacecrafts have shown the presence of DLs in many space plasma environments [2] [3] [4] [5] 9, 13, 14, [17] [18] [19] 31 . Computer simulation also indicates the existence of • When B 1 = 0, Sardar et al. 42 have derived a modified KP (MKP) equation having
to describe the nonlinear behaviour of DIA waves, where B 2 is also a function of the parameters involved in the system.
• When B 1 = 0 but B 1 is close to zero, Sardar et al. 41 have shown that neither KP nor MKP equation can describe the nonlinear behaviour of DIA waves because the amplitude of the solitary wave solution defined by the KP equation assumes a very large numerical value when B 1 is close to zero.
• When B 1 = 0 but B 1 is close to zero, Sardar et al. 41 have derived a combined MKP-KP equation which efficiently describes the nonlinear behaviour of DIA waves.
• Sardar et al. • Sardar et al. • In the present paper, we want to find a consistent solution of the combined MKP -KP equation when L = 0. In fact, we see that one can get a DL solution of the combined MKP -KP equation when L = 0.
• In this paper, we have also investigated the lowest order stability of the DL solution 
This equation describes the nonlinear behaviour of DIA waves in a collisionless unmagnetized dusty plasma consisting of warm adiabatic ions, static negatively charged dust grains, nonthermal electrons and isothermal positrons when B 1 = 0 but B 1 is close to zero. Here ξ, η, ζ are the stretched spatial coordinates and τ is the stretched time coordinate. The coefficients A, B 1 , B 2 , C and D are, respectively given by the following equations:
and the constant V is determined by
where M s , p, µ, σ ie , σ pe are given by
and β e is the nonthermal parameter associated with the Cairns distributed electrons 43 that determines the proportion of fast energetic electrons. Physically admissible domain of β e is 0 ≤ β e ≤ 4/7 ≈ 0.6.
Here n s0 and T s are, respectively, the unperturbed number density and the average temperature of the particles of s -th species, where s = i, e and p for ion, electron and positron respectively; n d0 is the constant dust number density with Z d is the number of electrons residing on the dust grain surface; γ(= 3) is the adiabatic index and N 0 = n i0 +n p0 = n e0 +Z d n d0 .
Sardar et al. 41 have investigated the existence and stability of the alternative solitary wave solution having a profile different from sech or sech 2 of the combined MKP -KP equation
where L is a function of the parameters.
In the present paper, we have used the same combined MKP-KP equation (1) to investigate the existence and stability of the DL solution.
III. DOUBLE LAYER SOLUTIONS OF THE COMBINED MKP-KP EQUATION
For DL solution of the combined MKP -KP equation (1) propagating along X axis, we make the following change of variables:
Here, U is the dimensionless velocity (normalized by C D , the linearized velocity of the DIA wave in the present plasma system for long-wavelength plane wave perturbation) of the travelling wave moving along ξ -axis, i.e., U is the dimensionless velocity of the wave frame.
Under the above changes of the independent variables, the combined MKP-KP equation (1) assumes the following form (in which we drop the primes on the independent variables η, ζ and τ to simplify the notations)
Now, for the travelling wave solitons of (11), we set
Substituting (12) in (11), we get
Now, we use the following boundary conditions
Using the boundary conditions (14) or (15), we can write the equation (13) as
Following the method of Malfliet and Hereman 44 , we choose
as a solution of the equation (16) . Substituting (17) into (16), we get the following equation:
where
and the expressions of Γ 0 , Γ 1 , Γ 2 and Γ 3 can be written in the following form:
It is simple to check that the following equation holds good
for all real X, where
is the Wronskian of the functions 1, R, R 2 and R 3 .
Therefore, the functions 1, R, R 2 and R 3 are linearly independent and so, equating the coefficients of different powers of R from both sides of (18), we get
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From (25) - (28), we see that if a = 0 then b = 0 and conversely, if b = 0 then a = 0.
Therefore, to get a nontrivial solution of (25) - (28), we assume that a = 0 and b = 0.
Solving the equations (27) and (28) for the unknowns a and b, we get
Using (29) and (30), from the equation (25) we get
Using (29) and (30), from the equation (26) we get
Now to make a closed and consistent system of equations, the values of U as given by the equations (31) and (32) must be equal. So, we have the following consistency condition:
Using (33), we get the following equation from (31):
Using (33), we get the following equation from (30):
Using the boundary condition φ 0 → 0 as X → +∞, we get
On the other hand, using the boundary condition φ 0 → 0 as X → −∞, we get
Therefore, the DL solution (17) and the condition for its existence can be written as follows:
Here λ = ±1 and these two values of λ give two different DL solutions of the combined MKP-KP equation for the DIA wave corresponding to the the boundary conditions (14) and (15) respectively. Specifically, it is impossible to get alternative solitary wave solution of the combined MKP-KP equation by considering only one of the following two conditions:
In fact, using the condition ( To discuss the existence of the DL solution (38) of the combined MKP -KP equation
(1), we choose B 1 = 0.00001, i.e., we take a small numerical value of B 1 . Now, it is simple to check that B 1 is a function of p, µ and β e , i.e., B 1 = B 1 (p, µ, β e ) for fixed values of γ, σ ie and σ pe . Therefore, B 1 (p, µ, β e ) = 0.00001 gives a functional relation between µ and p for any fixed value of β e within the physically admissible interval of β e , i.e., 0 ≤ β e ≤ 0.6. In figure 1 (a), this functional relation (B 1 (p, µ, β e ) = 0.00001) between µ and p is plotted for different values of β e with γ = 3, σ ie = 0.9 and σ pe = 0.9. Figure 1 according to whether µ > µ cr or µ < µ cr and L = 0 at µ = µ cr . Obviously, in the small neighbourhood of µ = µ cr , L is close to zero. Again, for each β e lying within a fixed interval, there exists a value µ cr of µ such that L = 0. So, for L = 0, we can use the DL solution (38) as the solution of the combined MKP-KP equation (1) . In this connection, we want to mention the following point of Sardar et al. 41 Sardar et al. 41 reported that the alternative solitary wave solution of the combined MKP -KP equation (1) The solution (38) is the steady state solution of the combined MKP -KP equation (1) along the x -axis. This solution is same as the DL solution of the combined MKdVKdV equation corresponding to the combined MKP -KP equation (1), i.e., the steady state solitary wave solution of the combined MKdV -KdV equation is exactly same as the equation (38) . In the present paper, we have considered the lowest order transverse stability of the DL solution of the combined MKdV -KdV equation (44) using the three-dimensional combined MKP -KP equation (1) . In fact, to study the transverse stability of the DL solution of the combined MKdV -KdV equation (44), we have considered the three-dimensional combined MKP -KP equation (1) by taking the weak dependence of the spatial coordinates perpendicular to the direction of propagation of the wave.
IV. STABILITY ANALYSIS
In section III, we have seen that the equation (38) gives two different DL solutions of the combined MKP-KP equation (1) for two different values of λ, viz., λ = +1 and λ = −1.
In this section, we have considered the stability analysis of the double layer solution (38) for λ = +1. Following the same procedure, one can easily analyse the stability of the DL solution (38) 
To analyze the stability of the DL solution (38) of the equation (11) by the multiple-scale perturbation expansion method of Allen and Rowlands 40,45 , we decompose φ (1) as
where φ 0 (X) is the DL solution (38) of the equation (11) and q(X, η, ζ, τ ) is the perturbed part of φ (1) . Substituting (45) into (11) and linearizing this equation with respect to q we get the following equation:
and we have used the following notations:
Now, for long-wavelength plane-wave perturbation along a direction having direction cosines ( l, m, n), we set
where k is small and l 2 + m 2 + n 2 = 1.
Substituting the expression of q(= q(X, η, ζ, τ )) as given in (49) into the equation (46), we get the following equation of q:
Following the multiple-scale perturbation expansion method of Allen and Rowlands 40,45 , we expand q(X) and ω as
It is important to note that X 0 = X.
Finally, substituting (51) and (52) into the equation (50) and then equating the coefficients of different powers of k on the both sides of the resulting equation, we get the following sequence of equations:
and the expression of R (j) for j = 0 and 1 are given in the following equations:
Here, we have used the following notations:
A. Zeroth order equation
As R (0) = 0, the solution (58) of the equation (53) for j = 0 can be written as follows :
We note that each term of q (0) except the fifth term − W 
From equations (61) and (62), we get,
Therefore q (0) assumes the following form:
B. First order equation
Using the equations (56) , (64) and MATHEMATICA 46 , the solution (58) of the differential equation (53) for j = 1 can be put in the following form:
2 + aA
We note that each term of q (1) except the fifth term − W must be identically equal to zero and consequently we get
Now, we see that each term of q (1) except the last term − W 
From equations (68) and (69), we get,
Therefore q (1) assumes the following form:
Now, we can remove the first term in the above expression of q (1) as this type of term has already been included in the lowest order term q (0) . The second term in the above expression of q (1) is known as ghost secular term and this term can be removed by choosing
Therefore, the equation (71) can be written as
Now we see that the first term of q (1) is bounded at X = ±∞ but the second term of q (1) is not bounded at X = −∞ because of the presence of the term e
The equation (74) gives the following expression for ω (1) :
Equation (75) shows that ω (1) is real and consequently, the DL solution (38) for λ = 1 is stable at the order k, where k is the wave number of the perturbation.
V. CONCLUSIONS
In the present paper, we have considered the problem of existence and stability of the • (2) In the paper of Sardar et al. 41 , they have used the following boundary conditions: • (4) In the paper of Sardar et al. 41 , it has been shown that the alternative solitary wave solution of the combined MKP-KP equation exists only when L > 0 whereas in the present paper, it has been shown that the double layer solution of the same combined MKP-KP equation exists when L = 0.
• (5) In the paper of Sardar et al. 41 , it has been shown that the alternative solitary wave 
